Excess intake of iodine is a suspected risk factor for thyroid cancer. Previous epidemiological research from Japan reported that daily intake of seaweed was associated with a four-fold higher risk in postmenopausal women, whereas others reported a null association. A major source of iodine intake in Japan is from edible seaweeds, and it is reported to be among the highest in the world. We examined the association between seaweed intake frequency and the risk of thyroid cancer in women in the Japan Collaborative Cohort Study followed from 1988 to 2009. Seaweed intake, together with other lifestyle-related information was collected using a self-administered questionnaire at baseline. Seaweed intake frequency was categorized as follows: 1-2 times/week or less, 3-4 times/week, and almost daily. Hazard ratios and the 95% confidence intervals of thyroid cancer incidence according to seaweed intake frequency were estimated using Cox proportional hazards regression. During 447 876 person-years of follow-up (n = 35 687), 94 new cases of thyroid cancer were identified. The crude incidence rate was 20.9 per 100 000 personyears. The hazard ratio of thyroid cancer in women who consumed seaweed daily compared with women who ate it 1-2 times/week or less was 1.15 (95% confidence interval: 0.69-1.90, P for trend = 0.59). Further analyses did not indicate any association between seaweed intake and the risk of thyroid cancer on statistically adjusting for potential confounding variables as well as on stratification by menopausal status. The present study did not find an association between seaweed intake and thyroid cancer incidence in premenopausal or in postmenopausal women.
Introduction
Iodine is an essential trace element required for the normal activity of the thyroid. Japanese iodine intake (on average 1000-3000 μg/day) exceeds that of most other countries (Nagataki, 2008; Zava and Zava, 2011) , primarily because of high seaweed consumption. Seaweed consumption has been associated with low incidence of breast cancer (Teas et al., 2013) and with the potential to raise the antioxidant defense system against prostate cancer (Ratnayake et al., 2013) . However, some studies have found high iodine intake to be associated with the development of thyroid cancer in rodents (Kanno et al., 1992; Takegawa et al., 2000) . Other recent evidence also suggested that high iodine intake may lead to autoimmune thyroiditis (Teng et al., 2006; Leung and Braverman, 2014; Luo et al., 2014) , which may indirectly induce thyroid cancer, including papillary carcinoma (Antonaci et al., 2009) .
Risk factors for thyroid cancer are still not well established, except for childhood exposure to ionizing radiation (Dal Maso et al., 2009 ). However, a recent Japanese study reported that daily intake of seaweed was associated with an almost four-fold higher thyroid cancer (papillary) risk in postmenopausal women (Michikawa et al., 2012) , whereas other case-control studies have reported a null (Kolonel et al., 1990) or an inverse (Horn-Ross et al., 2001 ) association between seaweed consumption and the risk of thyroid cancer. Indeed, despite high nutritional iodine consumption, Japan and other Asian countries do not differ from the rest of the world in the prevalence and incidence of thyroid Supplemental digital content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML and PDF versions of this article on the journal's website (www.eurjcancerprev.com).
disorders including thyroid cancer (Andersson et al., 2005; La Vecchia et al., 2015) .
The aim of this study was to investigate whether the intake of seaweed is associated with a higher risk of thyroid cancer in a large sample of Japanese men and women whose consumption of seaweed was generally higher than those in Westerners.
Methods

Study population
The Japan Collaborative Cohort (JACC) study is a largescale cohort study designed to evaluate the effects of various risks or protective factors on cancer. A total of 110 585 individuals (46 395 men and 64 190 women) aged 40-79 years living in 45 areas throughout Japan completed self-administered questionnaires about their lifestyles and medical histories during the years of 1988 and 1990 . Sampling methods and the details of the JACC study have been described elsewhere (Tamakoshi et al., 2013) .
The incidence of cancer was ascertained in a subpopulation of 65 042 individuals (26 429 men and 38 613 women) in 24 out of the 45 study areas (Mori et al., 2005) . As the number of thyroid cancer cases in men (15 cases) was too small to generate sufficient statistical power, we excluded men from the current analysis. The overall study design and informed consent procedure were approved by the Ethics Review Committee of Hokkaido University School of Medicine.
Follow-up and identification of thyroid cancer
Of the 38 613 women living in areas with cancer registries, we excluded 2340 for whom information on seaweed consumption was unavailable, 585 with a history of any kind of cancer diagnosed before baseline, one with self-reported menopause age older than her actual age at baseline (obvious mistake in answer), leaving 35 687 women (a total of 447 876 person-years) for the current analysis. Cancer incidence was collected through the local cancer registry and coded using the International Classification of Diseases and Injuries, 10th Revision (ICD-10). In areas with cancer registries, data on cancer incidence such as date of diagnosis and primary site were collected through population-based cancer registers or by reviewing the records of local major hospitals. Thyroid cancer was defined as C73.9; papillary carcinoma cases were also confirmed morphology code: 8050, 8260, 8340, and 8350) . For each individual, the personyears of follow-up was defined as the time from the date that the questionnaire was completed to the date of diagnosis of thyroid cancer, moved out of the study area, the date of death, or the end of the study period, whichever occurred first.
Seaweed consumption
Usual frequency of seaweed consumption during the previous year was assessed by a self-administered questionnaire from 'never', '1-2 times/month', '1-2 times/ week', '3-4 times/week', and 'daily or almost daily'. The first three categories were merged in the analysis because of the small number of participants as well as incident thyroid cancer cases. The reproducibility and validity of the questionnaire was reported (italic>/italic>, 2005) . Specifically, the Spearman rank correlation coefficient between seaweed consumption frequency and 12 days' weighed dietary record was 0.46 (P < 0.001). This level of correlation coefficient is considered acceptable in nutritional epidemiology for the evaluation of food intake (Willett, 2012) .
Statistical analysis
The Cox proportional hazards model was used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between seaweed consumption and the total risk of thyroid cancer as well as the risk of papillary carcinoma. The lowest seaweed consumption (1-2 times/week or less) was treated as the reference. After age (continuous)-adjusted HRs and 95% CIs were calculated (Model 1), we further adjusted the models with baseline smoking and drinking status (current, past, never), BMI (kg/m 2 ) (< 18.5, 18.5-25, ≥ 25), education level (attended school up to 18 years old, yes or no), family history of any kind of cancer (yes or no), fish consumption ('less than 1-2 times/week', '3-4 times/ week', 'almost daily'), menopausal status (yes or no), female sex-hormone used (ever, never), gynecological cancer screening (yes or no), gravid, and parity ('never', '1', '2', '3', ' ≥ 4') (Model 2). These variables were selected as covariates because they were known or suspected to confound the association (Cady et al., 1979; Sokic et al., 1994; Bosetti et al., 2001; Mack et al., 2002 Mack et al., , 2003 Pham et al., 2009; Santin and Furlanetto, 2011; Schonfeld et al., 2011; Kabat et al., 2012a Kabat et al., , 2012b Marcello et al., 2012; Przybylik-Mazurek et al., 2012; Cash et al., 2013; Dong et al., 2013; Jung et al., 2013; Schmid et al., 2013; Brown et al., 2014; Zamora-Ros et al., 2014) . Initially, we included history of blood transfusion and/or liver diseases in the final model because they were associated with a higher incidence of thyroid cancer in this population (Fujino et al., 2004) . However, we did not present the results that included these covariates as inclusion of these variables did not confound the present associations. A test for linear trend was performed by assigning constants of 1.5/7, 3.5/7, and 1 to each seaweed consumption category and treating it as a numeric variable in the same models. The weights for the trend test were determined by assigning the average daily frequency of seaweed intake to each category, that is, 1.5/7, 3.5/7, and 1 to for ' < 1-2 times/week', '3-4 times/week', and 'daily or almost daily', respectively. Missing values were treated as an additional category in the calculation.
Stratified analyses using the same models with respect to menopausal status at baseline were also carried out. As we assessed menopausal status by asking a question on age of menopause in the self-administered questionnaire, women who left the questionnaire item blank were either premenopausal or postmenopausal but could not recall or provide their actual age of menopause. Therefore, we have arbitrarily defined women aged 55 years or older at baseline as postmenopausal even if they did not provide their menopausal age (n = 2507). A test for proportionality of the Cox regression assumption was performed on the basis of the scaled Schoenfeld residuals from Model 2 (Grambsch and Therneau, 1994) . We also carried out a sensitivity analysis in a sample with valid self-reported age of menopause. Interaction of seaweed consumption with menopausal status was examined in a model with their multiplicative term and evaluated using the likelihood ratio test. In an attempt to avoid possible reverse causation, we also carried out an additional analysis using the same models excluding incident cases that occurred within 3 years from baseline. Statistical calculations were carried out using the R-project for Statistical Computing, version 3.1.0 (R Development Core Team, 2014) using packages Epicalc (Chongsuvivatwong, 2008) and survival (Therneau and Grambsch, 2000; Therneau, 2013) . A P value less than 0.05 was considered statistically significant.
Results
During the median 13.2-year follow-up period, we identified 94 new thyroid cancer cases. Of these, 68.1% (64 cases) were papillary carcinoma. Overall, 42 (44.7%) of the cases were diagnosed between 50 and 59 years of age. Compared with individuals free of thyroid cancer, women who developed thyroid cancer had a higher percentage of history of operation (53.2 vs. 40.6%, P = 0.025) and a tendency to participate in breast cancer screening (41.5 vs. 23.6%, P < 0.001) and uterine cancer screening (56.4 vs. 39.6%, P = 0.004) (data not shown in tables).
Women who ate seaweed almost daily had the highest mean age, were less likely to be a smoker and drinker, more likely to consume fish, with a higher level of education, and more likely to be postmenopausal (Table 1 ).
The overall incidence of thyroid cancer was 20.9 per 100 000 person-years. Scaled Schoenfield residuals for seaweed consumption over the follow-up period and the global test of proportionality of the covariates in Model 2 suggested no interaction effect of time and no violation of the Cox proportional hazards assumptions (P = 0.94). Table 2 shows the adjusted HRs and 95% CIs of thyroid cancer by seaweed consumption in the total sample and subgroups stratified by menopausal status. Eating seaweed daily was found to be associated with a slightly increased risk of total thyroid cancer, although the relationship was not statistically significant (HR = 1.15, 95% CI = 0.69-1.90; P for trend = 0.59). No increase in the risk of papillary carcinoma was found in association with seaweed consumption.
Stratified analysis according to menopausal status did not show any significant association between seaweed consumption and the risk of thyroid cancer in either premenopausal or postmenopausal women (Table 3) . Compared with women who ate seaweed less than 1-2 times/week, the multivariable HRs of papillary carcinoma for those who ate seaweed almost daily were 1.98 (95% CI: 0.59-6.66; P for trend = 0.29) in premenopausal women and 0.71 (95% CI: 0.34-1.46; P for trend = 0.32) in postmenopausal women. Interactions between seaweed consumption and menopausal status were not significant for papillary carcinoma (P for interaction = 0.24) or for total thyroid cancer (P for interaction = 0.37).
Sensitivity analysis by restricting the individuals to those with valid self-reported age of menopause (n = 23 984) yielded essentially similar results (Supplementary Table 3s , Supplemental digital content, http://goo.gl/r2SDHV). Another analysis excluding incident cases that occurred within 3 years of follow-up also showed no material change in the results (Supplementary Table 1s , 2s and 4s, Supplemental digital content, http://goo.gl/r2SDHV).
Discussion
In this large-scale prospective study, we found no convincing evidence of increased risk of thyroid cancer or papillary carcinoma associated with higher seaweed consumption. We did not find associations in postmenopausal women, whereas previous reports from Japan have found a significant positive association (Michikawa et al., 2012) .
The age-standardized incidence rate of thyroid cancer in Japan is not higher than that in the USA, France, or Australia, where seaweed is not consumed as much as in Japan (Franceschi and Vaccarella, 2015; La Vecchia et al., 2015) . In contrast, in Korea, whose population does consume seaweed, a steep increase in the incidence rate has been observed. However, this is probably because of differences in the diagnostic and screening practices (Ahn et al., 2014) . The lack of an ecological correlation may also support our finding that seaweed intake is not associated with thyroid cancer incidence.
Compared with the previous report from the Japan Public Health Center-based Prospective (JPHC) Study (Michikawa et al., 2012) , participants in the present JACC study were older (range of age: 40-79 vs. 40-69 years old). However, even when our analysis was restricted to participants 40-69 years of age, the null results did not change materially. Another difference between the two studies is the overall (crude) incidence rate of thyroid cancer: the rate in the JACC study was higher than that in the JPHC study (20.9 vs. 17.5 per 100 000 person-years). The higher crude incidence rate of thyroid cancer in the JACC study may possibly be explained by the older age of the participants at study entry. As both studies used the cancer registry system or active patient notification from major local hospitals in the study areas, the participation rates of annual health check-up in the preceding year from the baseline were also similar (72.0 vs. 78.8%); we did not consider the systematic difference in the case ascertainments or selection bias between the two studies that may very likely be the explanation for the inconsistent findings. Specifically, the incidence rate in the '< 1-2 times/week' (reference) category was also higher in the JACC study than in the JPHC study (18.5 vs. 12.8 per 100 000 person-years). However, the incidence rates in the almost daily category were similar between the two studies (22.8 vs. 23.0 per 100 000 person-years). Differences in the incidence rates in the lower seaweed intake category between the two studies might account for the inconsistencies between the two studies. Another potential explanation for the inconsistency may be differences in the seaweed species consumed between the two studies as iodine contents vary among species, harvest locations, and preparation methods of seaweed (Teas et al., 2004) . However, both studies covered wide geographic variations across Japan; this possibility was not considered very likely.
There are studies that have indicated potential harmful consequences of excess iodine intake besides the JPHC study. Iodine excess intake has been linked to the development of autoimmune thyroid diseases (Luo et al., 2014; Sun et al., 2014) . However, to our knowledge, other studies did not find associations of dietary iodine intake from edible seaweed or supplements with thyroid cancer incidence (Kolonel et al., 1990; Horn-Ross et al., 2001; Zhang et al., 2013) . Although ecological studies observed increased thyroid cancer incidence in Denmark (Blomberg et al., 2012) and China (Zhao et al., 2014) after the implementation of compulsory iodine supplementation, such studies could be susceptible to detection bias related to thyroid cancer screening of asymptomatic individuals and improvement in diagnostic modalities (Ahn et al., 2014; La Vecchia et al., 2015) . In sum, it is inconclusive whether excessive iodine intake is harmful or not, although the present study did not suggest such an effect.
However, whether frequent intake of seaweed is considered excessive or not would require reconsideration. Typically, seaweeds are an essential part of most Japanese diets (Fukuda et al., 2007; Nagataki, 2008) , but the majority of the Japanese population remains euthyroid and free of goiter. As the thyroid can adjust to a wide range of iodine intakes to regulate the synthesis and release of thyroid hormone (DeGroot and Jameson, 2010), most individuals whose iodine intake has been sufficient would likely to be able to tolerate further intakes of iodine (Leung and Braverman, 2012) . More importantly, unlike China and other countries where universal salt or bread iodization programs are mandatory, high intake of iodine through seaweed in Japanese populations is intermittent rather than continuous, which might suggest that iodine intake of Japanese is not excessive (Ministry of Health, Labour and Welfare, 2010; Yoshida, 2013) .
The JACC study is one of the largest cohorts for evaluation of cancer risks in Japan; the participants' characteristics are similar to those of the Japanese general population (Tamakoshi et al., 2013) . However, there are also several limitations in our study. First, as urinary iodine concentrations, the ideal marker to evaluate the iodine intake level (Delange et al., 2002) , were not available, we could not determine whether the everyday seaweed eaters were truly iodine sufficient or not. However, the Spearman rank correlation coefficient between seaweed consumption and 12 days' weighed dietary record was reasonable (0.46, P <0.001); we assumed that higher frequency of seaweed intake would be proportionate to iodine intake levels of the participants. Second, as we considered those 55 years of age or older to be menopausal, if their menopausal status was missing, there may be a possibility of misclassification. However, as additional analysis restricted to those with valid menopausal age information showed similar results, we believe that our findings from the stratified analysis may be valid. Third, the number of incident thyroid cancers was still small. The lack of statistical power cannot be ruled out as causing the present null findings. Larger studies are warranted.
Conclusion
Our findings did not provide support for a positive association of seaweed consumption with a risk of thyroid cancer among Japanese women. The results did not differ by menopausal status.
